Drug-related stimuli seem to contribute to the persistence of drug seeking and relapse. Behavioral momentum theory is a framework for understanding how the discriminativestimulus context in which operant behavior occurs governs the persistence of that behavior. The theory suggests that both resistance to change and relapse are governed by the Pavlovian stimulus-reinforcer relation between a stimulus context and all sources of reinforcement obtained in that context. This experiment examined the role of the Pavlovian stimulus-reinforcer relation in reinstatement of ethanol seeking of rats by including added response-independent nondrug reinforcement in the self-administration context. Although rates of ethanolmaintained responding were lower in a context with added nondrug reinforcement than a context with ethanol alone, relative resistance to extinction and relative reinstatement were greater in the context previously associated with the nondrug reinforcer. Thus, both relative resistance to extinction and relative relapse of ethanol seeking depended on the Pavlovian stimulus-reinforcer relation between a context and all sources of reinforcement in that context. These findings suggest that to understand how drug-related contexts contribute to relapse, it may be necessary to consider not only the history of drug reinforcement in a context, but also the wide variety of other reinforcers obtained in such contexts. Behavioural Pharmacology 22:
Introduction
Drug addiction is characterized by persistent drug seeking and relapse after periods of abstinence (American Psychiatric Association, 2000; National Institute on Drug Abuse, 2007) . Drug-related stimuli seem to contribute to persistent drug seeking and relapse, and play an important role in modern approaches to addiction (see Robinson and Berridge, 2008; Taylor et al., 2009 for reviews). Drug taking is an operant behavior that is maintained by its consequences and is therefore modulated by discriminative stimuli in the presence of which it is reinforced. Thus, we have suggested that the behavioral momentum theory (Nevin and Grace, 2000) , which describes how discriminative-stimulus contexts modulate the persistence of operant behavior, might be useful for understanding the effects of drug-related stimuli on the persistence of drug seeking (Shahan and Burke, 2004; Quick and Shahan, 2009 ).
The behavioral momentum theory suggests that baseline response frequency and response persistence under changing conditions (i.e. resistance to change) are two separate aspects of operant behavior. The frequency of behavior is governed by the contingent relation between a response and the reinforcer it produces, but resistance to change is governed by the Pavlovian relation between the discriminative-stimulus context in which the behavior occurs and all sources of reinforcement in that context. Thus, despite the fact that noncontingent reinforcers or reinforcers contingent on an alternative response tend to decrease response rates, they have been shown to increase resistance to change across a range of species from fish to humans (Mace et al., 1990; Nevin et al., 1990; Grimes and Shull, 2001; Ahearn et al., 2003; Igaki and Sakagami, 2004) . Such effects of the contextual Pavlovian stimulus-reinforcer relation on response persistence are akin to other suggested motivational or incentive effects of Pavlovian stimuli on operant behavior (Rescorla and Solomon, 1967; Bindra, 1972; Stewart et al., 1984; Robinson and Berridge, 1993) . Shahan and Burke (2004) have shown the effects of the Pavlovian stimulus-reinforcer relation on the persistence of drug self-administration. They showed that although an alternative source of response-independent nondrug reinforcement (i.e. food) in a context decreased ethanol-maintained responding of rats, relative resistance to extinction increased in that context. Thus, as suggested by the behavioral momentum theory, the relative persistence of ethanol-maintained responding seems to be governed by the Pavlovian relation between the discriminative context in which the behavior is occurring and all sources of reinforcement (drug and nondrug) in that context.
Recently, Shahan (2009, 2010) have suggested that the behavioral momentum theory can also be extended to the relapse of extinguished operant behavior. In a number of experiments, they showed that the relative relapse of extinguished food-maintained operant behavior in reinstatement, renewal, and resurgence paradigms is also governed by the Pavlovian stimulus-reinforcer relation. Specifically, extinguished food-maintained responding occurring in a discriminative-stimulus context previously associated with more food reinforcement resulted in greater relative resistance to extinction and greater relative relapse in that context.
Given that relapse is an important aspect of addiction, this experiment examined whether all sources of reinforcement previously experienced in a discriminative context contribute to a relapse of drug seeking in that context. Using a procedure similar to that of Shahan and Burke (2004) , we examined whether added response-independent nondrug reinforcement increases relative reinstatement of extinguished ethanol self-administration of rats.
Methods

Subjects
Five male Long-Evans rats with similar histories of ethanol self-administration were used. Rats were maintained at approximately 80% of their adult free-feeding weights through postsession feedings and were housed individually with free access to water in a temperaturecontrolled room (12:12 h light cycle; lights on 07:00 h). Experimental sessions occurred daily at the same time. Care and use of these rats was approved by the Utah State University Institutional Animal Care and Use Committee.
Apparatus
Four Med-Associates modular operant chambers (30 cm Â 24 cm Â 21 cm) housed in sound-attenuating cubicles were used. Operant chambers consisted of two Plexiglas and two aluminum walls on opposite sides. A retractable lever and associated lamp were centered on one wall with a receptacle (5 cm Â 5 cm) to the right side within which 3-s of access to 0.1-ml dipper deliveries of ethanol solution were provided. A receptacle (5 cm Â 5 cm) for delivering food pellets was centered on the opposite wall. All receptacles could be lit during reinforcer delivery, and each chamber was equipped with a house light and speaker for producing a range of tones.
Procedure
As a result of their previous history of ethanol selfadministration, the rats did not require ethanol selfadministration training. In the previous training, the rats were trained to self-administer a 10% (v/v) ethanol solution according to a modified sucrose fading procedure (Samson, 1986) as described by Shahan and Burke (2004) . Presses to the center lever produced ethanol deliveries on a two-component multiple schedule arranging two discriminative-stimulus contexts that alternated within daily sessions. Discriminative stimuli associated with the two components consisted of a steady tone and houselight or a pulsing tone and houselight (0.5-s on/off). Components were 60-s long and were separated by 30-s intercomponent blackouts during which the lever was inoperable. Sessions consisted of 15 presentations of each component. In one component (i.e. EtOH component), lever presses produced ethanol deliveries on a variableinterval 15-s schedule. In the other component (i.e. EtOH and food component), lever presses produced ethanol deliveries on a variable-interval 15-s schedule and additional response-independent food pellets (45 mg) were delivered according to a variable-time 120-s schedule. The stimuli associated with the two components were counterbalanced across the subjects. The first component type of the session was randomly chosen and strict alternation followed thereafter. Exposure to these baseline conditions lasted 20 sessions for all rats.
Next, lever pressing was extinguished in both components. During extinction, the multiple-schedule component stimuli continued to alternate as during baseline, but both food and ethanol deliveries were discontinued. Ethanol dipper trays were loaded with ethanol solution outside the operant chamber as they were during baseline. Extinction continued for a minimum of 10 sessions and until response rates for individual rats were below 10% of baseline. Reinstatement was then examined for 5 days by delivering response-independent dippers of the ethanol solution at 2-s and 8-s into the first two components of the session. The first component presented during the first day of reinstatement was counterbalanced across rats and alternated across days of reinstatement. Figure 1 shows absolute response rates (i.e. responses/ min), dipper rates, and ethanol (g/kg) consumed in the two components of the multiple schedule for individual rats. Response and reinforcer rates were calculated based on the time in each component minus the time during dipper (3-s) and food (0.04-s) deliveries. Figure 1a shows that absolute response rates were lower in EtOH and food component than in the EtOH component [t(4) = -6.14, P < 0.01]. Figure 1b shows that fewer dippers were earned [t(4) = -5.33, P < 0.01], and accordingly, Fig. 1c shows that less ethanol was consumed in the EtOH and food component than in the Thus, despite the suppressed response rates in the component with the added food during baseline and extinction, response rates were similar in the two components during reinstatement. Regardless, it is important to note that from the perspective of behavioral momentum, absolute response rate is not an appropriate measure of resistance to extinction or relapse. Responding during extinction and relapse must be considered relative to absolute response rates during the pre-extinction baseline (see Nevin and Grace, 2000; Podlesnik and Shahan, 2009 ). Baker et al. (1991) have similarly suggested that baseline rates during reinstatement should be normalized with respect to absolute baseline rates. Thus, we focus our analysis on relative resistance to extinction and relative relapse as measured by responding as a proportion of baseline rates. Accordingly, the left column of Fig. 2 shows a resistance to change analysis of responding on the ethanol lever during the first 10 extinction sessions as a proportion of baseline response rates. Relative resistance to extinction was greater in the EtOH + food component than in the EtOH component for all rats. A 2 (component) Â 10 (extinction session) repeated-measures ANOVA conducted on log-transformed data (appropriate for comparing rates of change) shows a significant main effect of component [F(1,4) = 116.09, P < 0.001], extinction session [F(9,36) = 13.26, P < 0.001], and a significant interaction [F(9,36) = 6.17, P < 0.001]. An alternative analysis based on deriving slopes of resistance to extinction functions with linear regression for each rat in the two components and then comparing those slopes also suggests that resistance to extinction was greater in the EtOH and food component [t(4) = 7.48, P < 0.01].
Results
The right column of Fig. 2 shows responding on the last day of extinction and during the 5 days of reinstatement by free alcohol deliveries in both components. Relative response rates in the two components were not significantly different in the last session of extinction [t(4) = 1.92, NS]. For every rat, relative response rates during reinstatement were greater in the EtOH and food component than 
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The left column shows a resistance to change analysis of responding during the first 10 days of extinction in the component previously associated with added response-independent food (EtOH + food) and the component with ethanol (EtOH) alone. The right column shows responding during the last session of extinction (Ext) and during 5 days of reinstatement produced by response-independent ethanol deliveries in both components. Data are presented for individual rats. One potential limitation of this experimental design was that it did not allow confirmation that ethanol was the functional reinforcer in the solution. To examine this possibility, three additional rats with identical histories of alcohol self-administration training and similar histories of multiple schedule performance experienced 15 sessions of the same baseline. Distilled water then replaced the ethanol solution in the dipper reservoirs for eight sessions, followed by a return to 10% ethanol for an additional five sessions. Food deliveries continued in the EtOH and food component across all three conditions. As shown in Fig. 3 , response rates were lower in the EtOH and food component than in the EtOH component. When ethanol was removed from the solution, responding decreased substantially in both components, but increased again when ethanol was reintroduced. Thus, the ethanol in the solution does seem to have been functioning as a reinforcer.
Discussion
Consistent with previous findings (see Carroll, 1996) , an added source of nondrug reinforcement decreased baseline drug-maintained behavior in this experiment. Nonetheless, as in Shahan and Burke (2004) , relative resistance to extinction of ethanol-maintained behavior was greater in a discriminative-stimulus context previously associated with an added source of nondrug reinforcement. This experiment extends this finding by showing that an added source of nondrug reinforcement also increases relative reinstatement of ethanol-maintained responding in the context. Thus, like resistance to extinction, a relative relapse of ethanol seeking seems to depend on all sources of reinforcement previously experienced in the presence of a discriminative-stimulus context. This finding is predicted by the behavioral momentum theory, and is consistent with the suggestion that the effects of the Pavlovian stimulus-reinforcer on resistance to extinction of operant responding may be extended to relative propensity to relapse after extinction Shahan, 2009, 2010) . Further extensions of the methods and theoretical framework of the behavioral momentum theory to drug self-administration may provide additional insights into the persistence of drug seeking and relapse in the presence of drug-related contexts.
Drug-related stimuli play an important role in contemporary approaches to addiction and are widely thought to contribute to the persistence of drug seeking and relapse (see Robinson and Berridge, 2008; Taylor et al., 2009) . These findings suggest that to understand how drugrelated contexts contribute to relapse, it may be necessary to consider not only the history of drug reinforcement experienced within a context, but also the wide variety of other reinforcers obtained in such contexts. Although drug and nondrug reinforcers share the same neurobiological mechanisms (Kelley and Berridge, 2002) , much remains to be learned about the combined effects of drug and nondrug reinforcers on the persistence of drug seeking and relapse, as mediated through the incentive-motivational effects of drug-related stimuli (c.f. Panlilio et al., 1998; Lombas et al., 2008) . 
